The present study aimed to estimate the clonogenic and differentiation potential of induced pluripotent stem (iPS) cells exposed to ionizing radiation. Compared with mouse hematopoietic stem/progenitor cells, iPS cells were less sensitive to radiation. To examine the effect of ionizing radiation on the early differentiation pathway of iPS cells, we assessed embryoid body (EB) formation. Although EB formation was observed at all radiation doses, EB diameter decreased in a radiation dose-dependent manner. At the same time, we analyzed the expression of genes specific to differentiation in the initial iPS cells and cells of EB. The expression of the endoderm marker Afp increased remarkably in cells of EB derived from nonirradiated iPS cells; however, in irradiated cells, this expression significantly decreased in a radiation dosedependent manner. Further, the expressions of the pluripotent stem cell markers Nanog and Oct-4 and the early mesoderm marker Brachyury significantly decreased. The results of the present study suggest that radiosensitivity with regard to gene expression differs at various stages in the early differentiation pathways of iPS cells that lead to the formation of the 3 germ layers; the sensitivity is the highest in the genes expressed during the differentiation pathways of iPS cells, leading to the formation of the endoderm.
INTRODUCTION
Induced pluripotent stem (iPS) cells were first generated from mouse adult fibroblasts through reprogramming by transduction of 4 defined transcription factors (Oct3/4, Sox2, Klf4, and c-Myc); 1) thereafter, human iPS cells were generated from human adult fibroblasts using the same transcription factors.
2) These cells show pluripotency by expressing embryonic stem (ES) cell-marker genes, such as Oct3/4 and Nanog, by expressing ES cell-specific surface antigens, such as CD15; and by showing teratoma formation after subcutaneous injection into immunodeficient mice. 1, 3) Because iPS cells can differentiate into various types of functional cells such as hematopoietic cells, [4] [5] [6] [7] [8] [9] neuronal cells, 10, 11) and cardiovascular cells, 12, 13) many researchers are investigating the application of iPS cells in regenerative medicine.
Generally, immature cells are thought to be more radiosensitive than mature cells; however, it spears that rare stem cells are more resistant than their daughter cells, the progenitors. 14, 15) In our previous studies on radiosensitivity of human hematopoietic stem/progenitor cells (HSPCs), we showed that HSPCs in human peripheral blood, which are relatively mature compared to those in bone marrow and placental/umbilical cord blood, are more radiosensitive than HSPCs in cord blood. 16, 17) However, little is known about the influence of ionizing radiation on differentiation and proliferation of stem cells, especially iPS cells. Therefore, investigating whether iPS stem cells are sensitive to ionizing radiation and the mechanism will add vital information to the field of regenerative medicine and embryology. In the present study, the clonogenic and differentiation potential of induced pluripotent stem (iPS) cells exposed to ionizing radiation were analyzed for determing the effect of ionizing radiation on proliferation and differentiation of mouse induced pluripotent stem cells.
human granulocyte colony-stimulating factor (G-CSF) was purchased from Kirin Brewery Co. Ltd. (Tokyo, Japan). Recombinant human granulocyte-macrophage colony-stimulating factor (GM-CSF) was purchased from Pepro Tech Inc. (NJ, USA). These factors were administered at the following concentrations: EPO, 4 U/mL; G-CSF and GM-CSF, 10 ng/mL; and SCF and IL-3, 100 ng/mL each.
Mouse iPS cell culture
The germline-competent mouse iPS cell line 20D17 carrying the Nanog promoter-driven green fluorescent protein (GFP)/internal ribosome entry site/puromycin-resistant gene was generated.
3) The iPS cells used in this study were obtained from RIKEN BioResource Center (Tsukuba, Japan). These cells were maintained in an undifferentiated state on 50 Gy-irradiated primary mouse embryo fibroblasts (MEFs; Oriental Yeast Co. Ltd., Tokyo, Japan) in knockout Dulbecco's modified Eagle's medium (DMEM, Nakarai Tesque, Kyoto, Japan) supplemented with 15% ES cell-qualified fetal bovine serum (ES-FBS; Invitrogen USDA, Tokyo, Japan), 0.1 mM nonessential amino acids (NEAA; Sigma, St. Louis, USA), 0.1 mM 2-mercaptoethanol (2-ME; Sigma), 100 U/mL penicillin, 100 μg/mL streptomycin (Gibco, NY, USA), and 1000 U/mL leukemia inhibitory factor (LIF; Invitrogen, Tokyo, Japan), which have been reported to play an important role in maintaining the iPS cell line an undifferentiated state at 37°C in a humidified atmosphere containing 95% air/5% CO2. 18) All of the cells were passaged every 2 days by using 0.25% trypsin-ethylenediaminetetraacetic acid. The culture medium used for iPS cells was changed every day.
Colony assay for mouse iPS cells
Colony-forming cells were assayed by culturing the cells with methylcellulose by using MethoCult ® (StemCell Technologies, Vancouver, Canada). The non-irradiated and 1, 2, 4, or 7.5 Gy-irradiated iPS cells were plated onto separate wells of a 24-well plate (0.3 mL/well) in culture medium containing 10% ES-FBS. Each plate was incubated at 37°C in a humidified atmosphere containing 95% air/5% CO2 for 6 days. Colonies expressing GFP were counted under an inverted microscope (Olympus, Tokyo, Japan).
Embryoid body formation of iPS cells
The culture for embryoid body (EB) formation was performed in a 1.5-mL round-bottomed conical polypropylene tube with a screw cap (Assist, Tokyo, Japan), as previously reported. 19) Briefly, the non-irradiated and 1, 2, 4, or 7.5 Gyirradiated iPS cells were suspended at 2 × 10 4 cells/mL in α-modified Eagle's medium (α-MEM) (Gibco) supplemented with 10% ES-FBS, 0.1 mM NEAA, 0.1 mM 2-ME, 100 U/mL penicillin, and 100 μg/mL streptomycin, without LIF. One milliliter of each iPS cell suspension was placed in a conical tube, and the screw cap was placed loosely to allow oxygen supply. Ten conical tubes were used in each experiment. After 5 days of culture, EBs were transferred to a dish of diameter 60 mm (BD Falcon, NJ, USA), and the diameter of EB was measured by DP2-BSW. These EBs were then transferred to conical tubes. After 7 days of culture, each EB was harvested. Total RNA in each EB was extracted using the RNeasy ® micro kit (QIAGEN, Valencia, CA, USA), and quantified using a NANODROP 1000 spectrophotometer (Thermo, Yokohama, Japan) according to the manufacturer's instructions.
Colony assay for mouse HSPCs
Colony-forming cells were assayed by culturing them with methylcellulose by using MethoCult ® . Mouse HSPCs were plated onto separate wells of a 24-well plate (0.3 mL/ well) in culture medium containing EPO, SCF, IL-3, G-CSF, and GM-CSF as colony-stimulating factors. Each plate was incubated at 37°C in a humidified atmosphere containing 95% air/5% CO2 for 7 days. Colonies containing more than 50 cells were counted under an inverted microscope (Olympus).
Isolation of HSPCs from mouse bone marrow cells
BALB/c mice aged 7-8 weeks were used as the source of mouse bone marrow cells. These mice were maintained in a specific pathogen-free facility at Hirosaki University. The experiment was approved by the Animal Research Committee of Hirosaki University and performed in accordance with the Guidelines for Animal Experimentation, Hirosaki University (Hirosaki, Japan). Bone marrow cells were flushed out from the femur by using phosphate-buffered saline supplemented with 0.5% bovine serum albumin (Boehringer Mannheim GmbH, Germany). Clumps were dispersed by gently passing the cell suspension through a syringe several times. The remaining clumps of cells and debris were removed by passing the cell suspension through a 70-μm mesh nylon strainer. In order to isolate the HSPCs from bone marrow cells, these cells were then processed using the EasySep ® mouse hematopoietic progenitor enrichment kit (StemCell Technologies), and HSPCs were isolated according to the manufacturer's instructions.
In vitro irradiation
For the removal of MEFs, MEF-dependent iPS cells (passages 9-12) were initially trypsinized and plated for 2 × 30 min on a 0.1% gelatin (Sigma)-coated dish at 37°C in a humidified atmosphere containing 95% air/5% CO2. The number of iPS cells was counted, and the cells were suspended at 1.0 × 10 5 cells/mL in α-MEM (Gibco) supplemented with 10% ES-FBS, 0.1 mM NEAA, 0.1 mM 2-ME, 100 U/mL penicillin, and 100 μg/mL streptomycin, without LIF. The iPS cells were then irradiated at a dose of 1, 2, 4, or 7.5 Gy with X-rays (150 kVp, 20 mA), using 0.2-mm copper and 0.5-mm aluminum filters from a distance of 30 cm from the focal point at a dose rate of 3.3-3.4 Gy/min.
The mouse HSPCs prepared from mouse bone marrow cells were irradiated at a dose of 0.5, 1, 2, or 4 Gy with Xrays (150 kVp, 20 mA), using 0.2-mm copper and 0.5-mm aluminum filters from a distance of 30 cm from the focal point at a dose rate of 3.3-3.4 Gy/min.
Real-time reverse transcription-polymerase chain reaction
Purified total RNA was quantified using a NANODROP 1000 spectrophotometer (Thermo). First-strand cDNA was synthesized using the iScript cDNA Synthesis kit (Bio-Rad Lab. Inc., CA, USA) according to the manufacturer's instructions. Gene expression was assessed by real-time reverse transcription-polymerase chain reaction (RT-PCR) performed using Power SYBR ® green PCR master mix (Applied Biosystems, Tokyo, Japan) with typical amplification parameters (95°C for 10 min, followed by 50 cycles of 95°C for 15 s, 60°C for 1 min, and 95°C for 15 s). Fold differences were determined by ΔCt values, and the expression levels of genes in EB cells were compared with those in iPS cells; the expression levels of genes in irradiated EB cells were compared with those in non-irradiated EB cells after normalization with GAPDH, a housekeeping gene. The oligonucleotide primer sets used in real-time RT-PCR were purchased from TAKARA Bio Inc. (Shiga, Japan) ( Table 1) .
Statistical analysis
Differences between the 2 groups were analyzed with the Student t-test or Mann-Whitney U test. A P value less than 0.05 was considered statistically significant. Statistical analyses were performed using the Excel 2007 software program (Microsoft, USA) with the add-in software program Statcel 2 (OMS, Tokyo, Japan).
RESULTS

Radiosensitivity of iPS cells
iPS cells and mouse HSPCs exposed to X-rays at 1-7.5 Gy were assayed in the methylcellulose culture for clonogenic potential. Figure 1 shows the radiation survival curve of each type of cell. The survival fraction (S) was calculated using the following fomula: The D, D 0 and n values mean radiation dose, the dose of 37% surviving dose and the number of targets, respectively. The D 0 values for iPS cells and HSPCs were 1.85 and 1.11, respectively; and the n value for both iPS cells and HSPCs was 1.00, indicating that iPS cells were more resistant to radiation than were HSPCs.
Embryoid body formation of iPS cells
To determine the differentiation potential of iPS cells, non-irradiated and irradiated iPS cells were assayed for EB formation. The plating efficiency (the ratio of growing clonal cells to seeding cells) of EB formation was 100% for the non-irradiated iPS cells. The colony morphology of EB resembled a highly dense mass as shown in Fig. 2 . The diameter of the colonies derived from the 0-Gy control culture was approximately 670 ± 76 μm. When iPS cells were exposed to X-rays at 1-7.5 Gy, EB formation was observed. However, the diameter of EB showed a radiation dosedependent decrease: 650 ± 100 μm at 1 Gy, 620 ± 96 μm at 2 Gy, 550 ± 100 μm at 4 Gy, and 410 ± 63 μm at 7.5 Gy ( Table 2) .
Effect of ionizing radiation on gene expression
To investigate the effect of ionizing radiation on gene expression, the expression of differentiation-related specific genes were examined in the initial iPS cells and EB cells. The expression of the endoderm marker Afp in non-irradiated EB cells markedly increased to approximately 3 × 10 5 -fold compared to that in the initial iPS cells (Fig. 3) . In contrast, a significant decrease was observed in the expression levels of the pluripotent stem cell markers Nanog and Oct-4 and the mesoderm marker Brachyury (0.09-, 0.06-, and 0.12-fold, respectively) compared to the corresponding expression levels in the initial iPS cells. In addition, no significant changes were observed in the expression of the ectoderm marker Nestin.
Next, the expression of these genes was analyzed in cells of EB derived from irradiated iPS cells (Fig. 4) . Afp expression significantly decreased in a radiation dose-dependent manner, showing a 0.19-fold decrease at 4 Gy and a 0.04-fold decrease at 7.5 Gy as compared to EB cells derived from non-irradiated iPS cells. In contrast, no significant differences were observed in the expression of other genes in almost all cases.
Fig. 2. Morphology of EB derived from iPS cells. Each EB was
formed by iPS cells exposed to X-rays at 1-7.5 Gy. 
DISCUSSION
In this study, we investigated the effect of ionizing radiation on differentiation and proliferation of mouse iPS cells. The D0 values of iPS cells and HSPCs were 1.85 and 1.11 ( Fig. 1) , respectively. These results suggest that iPS cells are more resistant to radiation than are HSPCs. Bañuelos et al. reported a similar radiation survival curve obtained in the study of mouse ES cells. 17) In addition, we reported that HSPCs in human peripheral blood, which are relatively mature compared with those in the bone marrow and placental/umbilical cord blood, are more radiosensitive. 15, 16) In other words, the radiosensitivity of stem cells is possibly different from that of other types of functional cells. Moreover, molecular mechanisms related to radiosensitivity have been investigated by several researchers. [21] [22] [23] [24] Wang et al. reported that notch signaling reduces radiosensitivity in glioma stem cells through activation of the PI3K/Akt pathway. 21) We reported that tyrosine kinase with immunoglobulin and the epidermal growth factor homology domain 2 may be implicated in the radiosensitivity of individual HSPCs. 22) Furthermore, cancer stem cells have been reported to be radioresistant, because they can enter a quiescent phase such as G0 and possess signaling pathways such as the Wnt/b-catenin pathway for survival. 23, 24) In addition, pluripotent stem cells have an antioxidative system comprising Hspb1 and Sod2. 25) Hspb1 positively regulates the expression levels of Sod2; Sod2 is downregulated to varying degrees upon differentiation of ES cells until the day-4 EB stage. Therefore, pluripotent stem cells can protect themselves from various extracellular oxidative stresses owing to the presence of the antioxidative system.
In this study, to observe the effects of ionizing radiation on differentiation of iPS cells into the 3 germ layers, we assessed EB formation. Although EB formation was observed at all radiation doses (Figs. 2; Table 2 ), EB diameter showed a radiation dose-dependent decrease suggesting a harmful effect of ionizing radiation on differentiation and proliferation of iPS cells. The mRNA levels of each lineage marker, including Nanog, Oct-4, Afp, Brachyury, and Nestin, were analyzed in the initial iPS cells and EB cells (Fig. 3) . In the control culture performed with non-irradiated iPS cells, the expression of Afp during EB formation increased remarkably compared to that in the initial iPS cells. The expression levels of Nanog, Oct-4, and Brachyury decreased, whereas those of Nestin showed no significant changes. The expression pattern of Afp and Nestin in this study is consistent with the findings of a previous study on mouse ES cell-derived pluripotent EBs. 26) On the other hand, the downregulation of Brachyury, an early mesoderm marker, showed a pattern different from that observed in a previous study. 4) In addition, Morizane et al. reported that the expression of Brachyury increased remarkably on day 4, after which it was downregulated. 27) The difference in the behavior of Brachyury expression in this study could possi- With respect to the effects of ionizing radiation on the gene expression levels of each lineage marker, Afp expression significantly decreased in a radiation dose-dependent manner despite its increased mRNA levels in EB derived from non-irradiated iPS cells. In contrast, no significant effect was observed in the expression levels of Nanog, Oct-4, Brachyury, and Nestin (Fig. 4) . Because the expression of Afp in cells of EB derived from irradiated iPS cells decreased in a radiation dose-dependent manner, ionizing radiation possibly suppresses differentiation and proliferation of iPS cells to the endoderm lineage, thereby leading to a decrease in EB diameter and gene expression levels. Perhaps, this could be attributable to a delay in differentiation, and cells being arrested in the G2 phase.
28) Subsequent analyses are underway for determining the mechanism(s) underlying these results.
In conclusion, these results suggest that the radiosensitivity of iPS cells is low compared with other stem/progenitor cells, especially HSPCs. In addition, radiosensitivity with regard to gene expression differs at various stages in the early differentiation pathways of iPS cells that lead to the formation of the 3 germ layers; the sensitivity is the highest in the genes expressed during the differentiation of iPS cells, leading to the formation of the endoderm. It is necessary to assess the function of mature cells derived from irradiated iPS cells through differentiation into the 3 germ layers. Future studies need to assay intracellular protein and cell surface antigen expression in iPS cells to investigate the effects of ionizing radiation on them in detail.
